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ABSTRACT 



The thrust and torque were measured and the efficiency calcu- 
lated for a l4.6-cm diameter, two-bladed propeller in aqueous 
solutions of polyethylene oxide, WSR-301, with concentrations ranging 
from 0 to 75 wppm (weight parts per million). The full operating 
range of the propeller was studied. For the propeller operating 
under heavily loaded conditions, the thrust decreases with in- 
creasing concentration while the torque passed through a minimum 
at 10 wppm. This resulted in an increase in efficiency (77p=VT/Qw, 
where V is the speed of advance, T is the thrust, Q is the torque, 
and w is the angular frequency of rotation) of up to 10% at 10 wppm. 
For the propeller operating under lightly loaded conditions, the 
polymer had little effect on performance. If these results are 
applicable to full-s ized propeller s , drag-reducing polymers would 
not effect propeller performance significantly. Acoustic measure- 
ments were also made and they indicate that the polymer has no 
effect on the strength of the discrete components of the radiated 
propeller noise. 
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I. 



INTRODUCTION 



A. GENERAL 

A scientist’s interest in a subject is significantly increased 
when an unexplained phenomenon exists that has potential application. 
Such is the case for hydrodynamic drag reduction by the use of poly- 
mer additives. One possible application that comes immediately to 
mind is the ejection of such polymers into the flow past a ship to 
increase its» speed. While this possibility has been extensively 
investigated in the past few years, one important question has re- 
ceived relatively little attention: What happens to the propeller 
eff iciency? 

The reduction of drag by polymer additives was first reported 
in 1946 by Vanoni [3^3, with subsequent work by Toms [37J, and 
Mysels [l93» Unfortunately, this work was not appreciated until 
1959 when Merrill [l5]> and Dodge and Metzner [ 2 ] demonstrated its 
importance. Other early papers of importance in the subject are 
those by Pruitt and Crawford [ 29 ], Hoyt and Fabxila [ ?3 , and 
Savins [ 33 ]. 

From i 960 to the present, the growing interest in polymer drag 
reduction is indicated by the increasing number of papers upon the 
subject in the literature. However, McNally [ l4l and Kinnier [ll] 
have emphasized that the number of contradictions appearing in these 
papers is also growing. For example, it was reported that the tur- 
bulent structure of the flow is either changed (Shaver [353, Virk [393 
or unchanged (Goldstein [33, Wells l4i 3); the transition from a 
laminar to a turbulent flow regime is either delayed (Hershey and 
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Zakin [ 6 l, Savins [33] » White [42]) or advanced (Ram and Tamir [30], 
Paterson [28], Goldstein [4]); etc. This paper will introduce still 
another contradiction. Kowalski [13] reported that the torque co- 
efficient for a propeller is increased by polymer addition, while 
results presented in this paper will show a decreased torque co- 
efficient . 

Sinde the actual mechanism responsible for the drag reduction 
is not fully understood, it should be kept in mind that different 
types of flow situations may behave differently for the same 
solution. In particular it should be noted that all works per- 

formed upon propellers, including the work reported in this paper, 
employed a single propeller type. Whether the effect of drag- 
reducing polymers is critically dependent on propeller design is 
a question left to future experiments. 

B. WATERBORNE VEHICLES 

Besides the obvious potential application of polymer additives 
for large commercial ships, possible naval applications are also 
evident. A few extra knots of speed could mean survival in many 
cases. This interest is evident in reports from US Navy facilities 
by Fabula [20] , Goltfredson [21] , Hoyt and associates C23,25], 
Swanson C26] , Green [22], and Arranaza C24] . 

Initial investigations of the flow of polymer solutions around 
hull shapes began with the study of the effect of polymers on the 
fluid flow around flat plates. Early researchers in this area, 

(Hoyt and Fabula l'7J » Granville Csl , Metzner C16] , and Vogel and 
Patterson [ 4 o] , agree that a very significant reduction of skin 
friction is possible. They also found that flow behavior was 
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similar to that observed in pipe flow experiments. That is, the 
drag reduction increases rapidly with concentration for very dilute 
solutions, and then levels off and decreases with further increase 
in concentration. Moreover, it was discovered that maximum drag 
reduction can occur at concentrations as low as 10 wppm (weight 
parts per million). Thus, if polymer solutions were to be used 
to effect the drag reduction of ships, very dilute solutions would 
be sufficient. 

Early flat plate drag reduction experiments ultimately led to 
ship model tests. Among the first of these was that by Kowalski Cl 2 ], 
who estimated that a significant reduction in the drag upon a 450- 
foot ship travelling at l8 knots would require the injection of 13OO 
pounds of polymer per hour. He redundantly pointed out the non- 
practicability of such an operation. From model tests performed 
by Gollan, Tulin, and Rudy [9] it was estimated that the frictional 
drag of a large ship could be reduced by 55% resulting in a 12 % 
reduction of the total drag. This would mean that a ship traveling 
at 20 knots could increase its ^ speed to 24 knots, with no additional 
power requirement, by the injection of polymer. 

Realizing that skin friction is only a part of the total drag 
of a ship, a complete consideration of drag reduction by polymer 
injection will require an additional investigation of the effects 
of polymers upon wave drag and separation. However, a significant 
reduction in skin friction appears possible, and it is generally 
thought a polymer drag reduction system for waterborne vehicles will 
be available in the near future. 
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C. ROTATING DISKS 



It seems appropriate to consider previous works on rotating 
disks in fluids before discussing propellers. In the case of the 
rotating disk, the main cause of the resistance is the frictional 
forces between the disk and the fluid. The principal causes of the 
drag on a propeller are described by Saunders [31]. He states: "(a) 
The blades encounter friction in passing through the water, (b) The 
flow around each blade interferes to some extent with flow around 
the adjacent blades, to the detriment of the action of the v/hole 
system." In any case the common factor in drag considerations is 
the surface friction drag for both the rotating disk and the 
propeller . 

Hoyt and Fabula [7] first reported a reduction of torque in 
additive solutions. Miloh [ 1 ?] j reported that the torque coeffi- 
cient for a rotating disk decreases rapidly with increasing poly- 
ethylene-oxide concentration until an optimum around 100 wppm is 
reached. For solutions with concentrations greater than this little 
further decrease in drag was noted. These results are reminescent 
of those obtained in the flat plate experiments noted above. 

A paper by Bilgen [l] contains a comprehensive examination of 
the effects of guar gum, polyacrylamide, and polyethylene oxide 
solutions on the motion of both rough and smooth rotating disks. 
Significant drag reduction was measured for both rough and smooth 
disks. Miloh and Poreh [18] reported further measurements of the 
torque of smooth and rough disks, both free and enclosed and de- 
veloped a useful theoretical equation for the torque coefficients 
(K^) of the free rotating disk in polyethylene nDxide solutions: 
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= 1.97(l+2C)log^Q [o .21v V( V*^ . ^ )j *0.03 

where R is the radius of the disk, v is the kinematic viscosity 
e 

* 

of the solvent, is the shear velocity at the onset of drag 

reduction and C is a concentration dependent parameter. For C = 0 
this equation reduces to Goldstein's equation for the free rotating 
disk in water (Goldstein [4], Schlichting C34l); 

= 1.97 log^o " °-°3- 

Although not pertinent to this report, past works reveal con- 
flicting statements on the dynamics of rough disks in polymer 
solutions for both free and enclosed disks. Thus, theory indicates 
that polymer additives should not have any effect, yet experimental 
evidence shows a definite drag reduction. 

D. HYDROFOILS AND PROPELLERS 

Another area where reported information is sparse concerns the 
effects of polymer solutions on a hydrofoil. Since a propeller is 
a rotating hydrofoil, a study of the plain hydrofoil would be of 
great value at the conclusions of this report. The only work re- 
ported was that by Sarpkaya and Rainey [ 36 ], which is just a small 
addedum to the principal work done on circular cylinders. Whereas, 
no comments were made in the abstract or conclusions of this work, 
plots of lift and drag versus tunnel stagnation pressure for various 
values of angle of attack in concentrations 0, 25 , and 100 wppm 
polyethylene oxide are presented. Examination of these plots reveal 
the following points: 

1. For angles of attack of zero and three degrees little 
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change in lift or drag is noted for those solutions tested, 

2, For an angle of attack of six degrees no change in lift 
was noted. No change in drag was noted for 25 wppm, but there is 
a definite increase in drag for 100 wppm. 

3, For an angle of attack of nine degrees the lift was the 
same for water and 100 wppm, but for 25 wppm the lift was definitely 
decreased. Little information can be obtained from the drag plot. 

4, For an angle of attack of twelve degrees no change in 
lift is observed, and a slight increase in drag for the 100 wppm 
concentration is noted. 

In summary, no change in lift is noted except for a decrease at 
an angle of attack of nine degrees and a concentration of 25 wppm. 
Little change in drag is noted except for high concentration with 
high angles of attack, where a slight increase in drag is reported. 
Obviously, further work on hydrofoils in polymer solutions is 
desperately needed. 

The first experiments conducted on propellers in polymer 
solutions were those by Wu [43]. He used a circulating water 
channel driven by a propeller with polyethylene oxide as the drag 
reducing agent. The velocity of the fluid was measured by photo- 
graphing the motion of a small, neutrally buoyant particle. Con- 
centrations from zero to 500 wppm were examined and it was found 
that at 500 wppm the water velocity decreased to half that obtained 
with pure water . Since the actual velocity values are not given in 
the paper , it is not known whether the flow in the channel was 
laminar or turbulent. This paper first pointed out the possibility 
of a reduction of impeller thrust in additive solutions. 
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Kowalski [13] carried this work a bit farther by actually 
measuring the torque. His propeller was mounted in a single-pass 
flow channel on the end of a long drive shaft. A constant speed 
of advance of four feet per second was used. Polymer was injected 
into the flow. in front of the propeller. From the measured torque 
and thrust, torque and thrust coefficients were calculated and the 
efficiency at constant advance coefficient was determined. With 
polymer addition, it was found that a decreased thrust and an 
increased torque resulted in a decreased efficiency. In his con- 
clusion Kowalski said: ^’Results obtained from these preliminary 
tests indicate a deleterious effect of polymer additives on the 
performance of a model propeller. The measurements show a reduction 
of the thrust and an increase of the torque developed by a propeller 
when the additive is present compared to the values obtained under 
exactly similar conditions in water alone. The changes of the 
thrust and torque resulted in a reduction of the propeller effi- 
ciency of approximately 5 % for 20 wppm average concentrations of 
polymer . ” 

The increase in torque that Kowalski reported is in direct con- 
flict with the results to be presented in this paper. There are 
two differences between these experiments. 1 ) Kowalski ejected 
the polymer into the flow in front of the propeller whereas in the 
present report the propeller rotated in a homogeneous mixture. 2 ) 

The two propellers are of different design. 

In any case it is hoped that more work will be conducted in 
this area to resolve the discrepancies pointed out here. 



II. EXPERIMENTAL PROCEDURE 



A. APPARATUS 

This experiment was conducted in a small, circular, toroidal 
shaped tank (Figure 1). The tank has a seven-foot outer diameter, 
a four -foot inner diameter, and a wall height of eighteen inches. 
The tank is made of one-quarter inch welded steel plating. A 
window ( 26 ” X I 8 ”) consisting of an inner and an outer plexiglass 
layer is mounted in the side of the tank (Figures 2,4). The outer 
layer (one-inch thick) is mounted in a water tight aluminum 
frame, bolted to the tank. The inner layer (one-eighth inch thick) 
is mounted in a removable aluminum frame and is curved to fit the 
inside shape of the tank. Free flooding between the plexiglass 
layers allows non-dis tor ted vision into the tank. 

A Shakespeare Model #683549 electric trolling motor and pro- 
peller assembly is mounted in the center of the channel, 23 cm from 
each wall and 20 cm above the bottom of the tank, just inside the 
window (Figure 4). A three-quarter inch plywood board (cut to fit 
inside the tank)covers half the water surface, and is placed 40 cm 
from the bottom of the tank. This is to prevent air bubbles from 
being drawn down into the field of the propeller during testing. 

The motor is mounted on a 250-pound rigid steel frame straddling 
the tank (Figure 3)- A 2.2-cm diameter stainless steel cylindrical 
shaft (Shakespeare Model #691T33“1 motor tube) mounted vertically 
to the frame, and extending through a 3 . 2 -cm hole in the plywood 
cover, serves as the supporting arm for the motor and propeller 
assembly. The motor is located at the end of the shaft 46.0 cm 
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below the cross arm on the frame. Electrical power to drive the 
motor was supplied by a variable-voltage power supply (Electro- 
Mechanical Product Model #S.O.CS9l8) with a maximum current capacity 
of 30 amps. By varying the voltage the RPM of the motor could be 
controlled. 

With the propeller rotating, the fluid was allowed to flow 
around the tank. However, if this fluid flow was left uncontrolled, 
only a very short range of advance coefficients could be investigated. 
For this reason a flow restrictor was placed one-third of the way 
around the tank upstream from the motor (Figure 5 ). This restrictor 
is composed of a matrix of ten 3.9-cm diameter vertical cylinders 
which can be placed in a planar array in the flow. Different ad- 
vance coefficients were obtained by varying the order and number 
of cylinders in the restrictor. 

B. PROCEDURE 

1 . Water Velocity Measurements 

Every research engineer will testify that when undertaking 
the task of developing a given experiment the side problems en- 
countered sometimes create a greater challenge than the experiment 
itself. Such is the case with measuring the water velocity entering 
the field of the propeller. Normal measuring devices such as pitot 
tubes and windmilling propellers were not utilized due to the unde- 
termined effects of polymer solutions on such systems. A procedure 
of measuring ram pressure such as that used by Sarpkaya and 
Rainey [ 36 ] was attempted, but with the low water velocities used 
in most of this work the inaccuracies were too great to be 
tolerated. 
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The procedure finally adopted consisted of the direct 
timing of the motion of a neutrally buoyant body over a fixed 
distance . 

A thin nylon cord was suspended above the center of the 
circular tank. Attached to this cord was a horizontal rod which 
was free to rotate in a horizontal plane. At the short end of this 
rod was attached a four pound weight for balance. On the long end 
a fishing bobber with a weight was attached and allowed to rest 
in equilibrium in the center of the water channel, 20 cm from the 
bottom. A copper electrode, attached to the bobber, extended above 
the water surface as an antenna. Two aluminum rods, electrically 
insulated from the water, were attached to the outer wall of the 
tank one meter apart and extending over the fluid (Figure 6). An 
electric potential of thirty-six volts, supplied by two (Power/ 
Mate Model #BPll8) regulated power supplies, was created between 
the rods and the water within a switching mechanism (Figure 7) . 

As the bobber antenna, freely moving with the fluid, contacted the 
first rod it activated a counter (Hewlett Packard Model #521A) 
which counted a one-hundred Hertz signal from a sinusoidal oscil- 
lator ( CENCD Model #80593). When the bobber antenna contacted the 
second rod the counter was turned off. The fluid velocity was cal- 
culated from the formula: 

A 

V = 10 /count cm/sec. 

Ten such counts were made for each velocity measurement and an 
average taken. A precision of 6% was estimated. 

2 . Motor Efficiency Calibrations 

The propeller torque can be determined from the input elec- 
trical power and the angular frequency (w) if the motor efficiency 
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(?7^) is known. The torque (Q) is given by 

7 

Q = IUT7 /w X 10 dyne cm. 
m 

where the current (I) is given in amps and the voltage (u) in volts. 
With the voltage, current, and propeller RPM being measured directly 
the only remaining unknown quantity is the motor efficiency. 

If it is assumed that the efficiency is only a function of 
w, the efficiency can be found by measuring the input power for 
known torques. The propeller was removed and a free smooth disk 
attached. Measurements of I, u, and w were performed in pure water. 
The torque was calculated from Goldstein's equation for Reynolds 
numbers greater than critical: 

= 1-97 iog,o - 0.03, 



wher e 



2 , 

R = R w/v. 

e 

The torque was then calculated from the definition of the torque 
coefficient for the free rotating disk (Schlichting [34]. 



K = 4Q/(/)w^R^) 



resulting in 

Q = K^w^R^/4. 

Knowing the power output of the motor to be equal to Qw, and the 
power input to be equal to I u, the motor efficiency is given by 
t/m = Qw/(lu). 

An efficiency calibration for the motor was performed in 
this manner using a disk of 15.3-cm diameter. The motor effi- 
ciency is shown in Figure 9. 
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It should be noted this calibration is based upon three 
assumptions : 

ly Goldstein ^s transcendental equation applies for the 
Reynolds numbers used. 

2, The motor forebody has no effect on the flow about the 

disk. 

3, The motor efficiency is a function of angular frequency 

only . 

This calibration was used in all torque calculations reported in 
this paper . 

3 • Determination of Propeller Parameters 

The propeller used in this report is a Shakespeare Model 
#658 p 04, nylon, two-bladed outboard trolling propeller. It is 
14.62 cm in diameter and has a pitch varying from forty-degrees 
near the hub to nearly zero at the tip. It is designed with a 
curved leading edge so as to shed any fouling material that may 
get caught in the propeller as it rotates (Figure 8), This pro- 
peller is mounted just behind the motor and supporting shaft. 

The motor is 6.5 cm in diameter and it is assumed in this 
report that the forebody has negligible effect on the fluid flow. 

In otherwords, this propeller for all practical purposes is 
operating as a free propeller. 

In propeller theory the advance coefficient has been 
adopted as a nondimens ional load parameter. It is directly pro- 
portional to the speed of advance and inversely proportional to RPM 
For example: for a heavy load which moves at low speed even though 
the propeller rotates at high RPM, a low advance coefficient is 
observed. However, for a light load which is moved at high speed 
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by a low RPM, a high advance coefficient is observed. It is de- 
fined as the mtio of the speed of advance of the propeller through 
the fluid to the tip speed of the propeller. Thus, the absolute 
advance coefficient is; 

V/(nfD) 

where V is the speed of the propeller relative to the distant water, 
f the rotation frequency, and D the diameter of the propeller. For 
practical purposes the n is usually dropped, so that the advance 
coefficient in this report is given as; 

J = V/(fD) . 

Before this project was begun, it was suspected that for 
a given flow restriction, the addition of polymer in solution would 
not change the resistance to flow around the tank. This expectation 
was based upon the knowledge that the polymer' does not affect flow 
for channel Reynolds numbers below critical. This was confirmed 
when velocity measurements were made. The values for the advance 
coefficients for a constant flow restriction turned out to be equal, 
within five percent for all concentrations. This was true for all 
RPM values used (a slight decrease in velocity with increasing 
polymer concentrations was noted, but an error of five percent is 
within that expected with a six percent error in the water velocity 
measuring procedure). For these reasons all data for one load- 
restriction setting correspond to one value of advance coefficient. 

For a free propeller it is customary to express the per- 
formance in terms of the thrust coefficient (K^) and torque co- 
efficient (K^) . These coefficients are (Saunders C31]); 
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and 



, 2 4 

= T/pf 

= Q/pi^D^ , 

where T is the thrust, Q the torque, p the density of the fluid, 
and D the propeller diameter. All data represented herein is 
represented in terms of these coefficients. 

Three values are needed to compute these coefficients. These 
are thrust (T) , torque (Q) and frequency (f). The easiest to obtain 
is the frequency. The frequency of a strob light (General Radio Co., 
Model #1531-A) was set at the desired value and the motor speed 
adjusted until the propeller appeared stationary. For all runs the 
motor frequency was changed in fifty Hertz steps from eight-hundred 
to tv.’o- thousand Hertz . 

Torque was measured by recording the input current on an 
ammeter ( West inghouse Model #701384) and voltage on a VTVM (Hewlett 
Packard Model #80l), utilizing the formula discussed in part II. B.2 
above . 

Thrust was found by measuring the bending of the stainless 
steel shaft while the motor was in operation. A strain gauge 
(Statham Model #UC3) located 7*3 cm below the shaft frame mount 
was employed to measure this bending. The output of the strain 
gauge was read on a Stratham Model #UR5 analog readout meter. 
Calibration was obtained by recording the strain-gauge reading for 
known thrust applied by means of a string pulley system. This 
calibration (Figure 10) closely approximates a straight line with 
a slope equal to 67 , 4l5 dynes/div. This constant times the strain 
gauge reading gave a direct measurement of thrust in dynes. 
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since the power into the propeller is equal to (2TTQf), 



and the useful power out is equal to (TV) , the propeller efficiency 



(7]^) is given as follows: 



where 



and 



' T?p = TV/(2TTQf) 

2 k 

T = P f 

2 

Q = P f . 



Substituting and cancelling, yields 



Vp = VK/(2TTD£Kq) 
or 

T,p = JK/(2 t,K^). 

This is the equation from which the propeller efficiency was cal- 
culated in this report. 



C. POLYMER MIXING AND DEGRADATION 

In this work only polyethylene oxide (more commonly called 
POLYOX or PEU) WSR 301 was used as an additive, and mixtures are 
designated in terms of parts per million by weight (wppm) . Mixing 
was accomplished by first mixing the POLYOX resin with Dow Chemical 
POLYGLYCOL p 400 . The POLYOX, completely insoluble in POLYGLYCOL, 
is held in suspension so that when injected into the water it is 
readily dissolved. The POLYGLYCOL dissolves in the water and has 
been shown [ll] to have no effect on the flow. 

After the slurry of POLYOX and POLYGLYCOL was mixed, the tank 
was filled with water to a depth so that the propeller was com- 
pletely immersed. The motor was then turned on and set at a 
propeller RPM of about 1000. Over the uncovered portion of the 
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tank the slurry was slowly poured into the rotating water. When 
all the slurry was poured into the tank the mixture was circulated 
for one hour. After this period water was added to the mixture to 
a depth of 42 cm which came to the top of the plywood cover . 

The data-taking procedure was designed so that all measurements, 
for a given advance coefficient were obtained from a single "master” 
solution. This was accomplished by first mixing a "master” solution 
of 75 wppm. Then the flow restrictor was set and measurements were 
taken at the assigned RPM. Then a 50 wppm concentration was ob- 
tained by draining one-third of the fluid from the tank and refilling 
with water. After all these data were taken, one-half of this 
solution was drained and the tank refilled with water to obtain 
25 wppm solution. The 10 wppm solution was obtained by draining 
three-fifths of this solution and refilling. This was all accom- 
plished within a period of five hours. The measurements in pure 
water were taken before the POLYOX was added. 

To check the degradation of the solution a special run was made. 

A solution of 75 wppm was mixed and checked for changes in the 
torque and thrust coefficient at 1100 RPM over a five hour period, 
with the flow restrictor set for an advance coefficient of about 
0 . 09 . Readings were taken every half-hour and a plot of thrust and 
torque coefficients versus time was drawn (Figures 11,12). There 
was no noticeable change in thrust and an approximately 25 % 
increase in torque. 
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III. EXPERIMENTAL RESULTS 



A . GENERAL 

Torque and thrust data were recorded for various values of 
RPM and the nondiraens ional coefficients were computed on the 
Hewlett-Packard calculator, model #9100A. It was necessary to 
operate the motor for at least one hour before motor efficiency 
would stabilize. Likewise, consistent readings of torque were 
possible only after this procedure was followed. 

The errors assumed for thrust were a reading error and a slight 
drift of the strain gauge meter; whereas the torque error is as- 
cribed to a reading error plus a slight drift in motor efficiency. 
Errors in the motor efficiency calibration are shown in the results 
as a constant error for all readings and are not included in the 
torque accuracy. A total accuracy of two percent is assumed 
reasonable for torque, thrust, and propeller efficiency readings 
in this paper . 

The results are shown in Figures 13-28 where the thrust and 
torque coefficients, and propeller efficiency are plotted versus 
RPM for four different values of advance coefficients. The values 
of advance coefficients were chosen to give a representative picture 
of the major operating conditions expected of the propeller. 

Higher values of advance coefficients were not investigated due to 
the experimental limitation that the only mechanism for driving the 
water around the tank was that of the experimental propeller itself. 
Therefore, the highest advance coefficient possible is that with no 
artificial ’restriction to flow (Figure 25 - 28 ). 
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After the data were plotted for various values of concentration, 
sections were taken at RPM values of 1,000, 1,^00, and 1,800. The 
results of these sections are plotted in Figures l6 , 20, 24 and 28. 

B. THRUST 

In almost all cases, at constant RPM, thrust decreased with 
increasing polymer concentration. This was true except for 
J = .205 (Figure 28) . Here it is observed that the polymer has 
little effect on thrust until a concentration of 50 wppra was 
reached. For more concentrated solutions than this the thrust 
decreases. The lessening of thrust for this propeller was most 
marked at medium and lower values of advance coefficient. However, 
when the advance coefficient was such that the propeller was near 
maximum efficiency, dilute solutions (less than 25 wppm) have little 
effect on thrust (Figure 28). 

C. TORQUE 

Without a doubt the most interesting part of the results found 
in this experiment is the effect of polymer solutions on torque. 

The sections for the lower advance coefficients shown in Figures I 6 
and 20 indicate a rapid decrease in torque for very dilute con- 
centrations. After 10 wppm, the torque increased to values some- 
times higher than those obtained for pure water. Therefore, con- 
centrations greater than 10 wppm are not recommended for two reasons. 
First, it costs more to attain higher concentrations and second, an 
unwanted increase in torque is achieved. 

To a lesser degree this effect was also noticed at higher values 
of advance coefficient as shown in Figures 24 and 28. For dilute 
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solutions a slight decrease to 10 wppm and then a leveling off of 
torque was evident. This also indicated a favorable concentration 
of 10 wppm. 

It should be noted that very little evidence indicates torque 
rising above pure water values. This happened only in one case and 
was for the lowest advance coefficient measured and for the lowest 
RPM section (Figure l6) . 

D. EFFICIENCY 

The propeller efficiency was solely dependent on theiatio of the 
coefficients thrust to torque for constant advance coefficients. 
Efficiency increased for increasing thrust or decreasing torque. 

The results of this exper iment indicate a decrease in both thrust 
and torque for almost all advance coefficients investigated. If 
the ratio remained the same there would have been no change in 
efficiency, but this was not so. From the section plots it is seen 
that for the lower advanced coefficients investigated the efficiency 
for concentrations to 10 wppm either increased or remained es- 
sentially unchanged depending on RPM (Figures l6 and 20). The 
higher advance coefficient plots show various changes in efficiency 
depending on RPM. 

The results of propeller efficiency can be summarized from a 
detailed analysis of Figures 29-31. These show plots of thrust 
and torque coefficient and propeller efficiency at constant. RPM 
versus advance coefficients for concentrations of zero and 10 wppm. 
The effect of adding 10 wppm over pure water can be summarized as 
follows : 
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1. For low values of advance coefficients, propeller efficiency 
is increased or remains unchanged depending on RPM. In no case was 
propeller efficiency decreased. 

2. The advance coefficient at which maximum efficiency is 
obtained is increased. 

3. For advance coefficients above that of the pure water maximum 
efficiency value, the propeller efficiency is increased. This is indi- 
cated for all values of RPM observed. 

4. For advance coefficients slightly less than the pure water 
maximum-efficiency value, the propeller efficiency is either decreased 
or unchanged depending on RPM. 

Concentration greater than 10 wppm indicates a general decrease 
in propeller efficiency. For this reason only the optimum value of 
10 wppm is plotted for analysis in Figures 2y-31. 
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IV. CONCLUSIONS AND SUMMARY 



This experiment was conducted with the objective of determining 
the effects of polyethylene-oxide solutions on the performance of 
a model propeller. Investigations included: 

1. Concentrations of 0, 10, 25, 50, and 75 wppm. 

2. Speed of rotations ranging from 850 to 2,000 RPM. 

3. Advance coefficients ranging from zero to the pure- 
water maximum efficiency value which was J = 0.2. 

Values of the thrust coefficients were calculated from the readings 
of a strain gauge mounted on the motor -suppor ting shaft. Torque 
coefficients were computed from the motor input electrical power 
and the motor efficiency curve. From these the propeller efficiency 
was computed over the designed operating range of the propeller. 

The following is a summary of observations and conclusions 
based on the results of this experiment. 

1. The thrust of a propeller is reduced in polymer solutions 
when compared to that in pure water . 

2. The thrust is reduced proportionally to the increasing 
concentration used. 

3« At constant RPM, torque is less for 10 wppm than for pure 
water . However , a second maximum is sometimes present for con- 
centrations between 25 and 50 wppm. This gives an optimum concen- 
tration of 10 wppm. 

4. The optimum concentration for minimum torque results in 
an observed maximum efficiency over most of the advance coefficient 
range for 10 wppm. 
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5. When the propeller is operated under a heavy load (low 
advance coefficient) the addition of 10 wppm to pure water will 
give an increased propeller efficiency of up to 10%. 

6. When operating under very light load conditions (high 
advance coefficient) the addition of 10 wppm to pure water could 
have a deleterious effect on the propeller efficiency. This could 
be as much as a 10% decrease. 

7. The addition of 10 wppm will increase the value of advance 
coefficient for maximum propeller efficiency. 

If the results of this experiment are applicable to large 
propelleis, then it can be assumed that if polyethylene oxide is 
to be used for the reduction of drag on a large waterborne vehicle 
(such as a ship) there would be no decrease in the propeller per- 
formance. This situation represents a heavily loaded propeller, 
and there could be as much as a 10% increase in efficiency in 
addition to the benefits of the drag reduction on the hull, if no 
more than 10 wppm is present in the field of the propeller. Higher 
concentrations may give a slightly decreased efficiency. If the 
propeller is mounted on a fast moving vehicle, such as a planing 
speed boat, a decrease in propeller efficiency is expected as in- 
dicated by Kowalski Cl3] • In this case the question is one of 
whether the hull drag reduction will over-ride this propeller de- 
ficiency. This is a question for each specific case and cannot be 
resolved in general here. 
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Figure 1. Circular Tank 




Figure 2. Motor and Strain Gauge Mounting 
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Figure 3. Motor Supporting Frame 




Figure 4 » Motor and Propeller Assembly 
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Figure 5 . Flow Restrictor 




Figure 6. Water Velocity Measuring Equipment 
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Figure 7 . Water Velocity Measui.'ement Switching Circuit 
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Figure 8. Propeller Design 
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Scale: 1x1 dimentions in cm 
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Figure 9. Motor Efficiency 
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Strain Gauge Reading 
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Figure 12. Thrust Degradation 
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Figure 13. Thrust for J = 0.040 
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Figure l4. Torque for J = 0.040 




o 

o 

o 

CM 



O 

O 

00 



o 

o 

VO 



o 

o 



o 

o 

CM 



O 

o 

o 



o 

o 

00 



s 

Du 

DC 



Propeller Efficiency {T}^) 



4l 



Figure 15. Propeller Efficiency for J = 0.040 




Figure l6 . Propeller Performance at Constant PPM for J = 0.040 
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Figure 17 • Thrust for 
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Figure l8. Propeller Efficiency for J = 0.104 
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Figure 20. Propeller Performance at Constant RPM for J=0.104 



46 



1 


n 1 1 — 


1 r~ 


r 1 




^ 




o 




o-f-X 


e 


O 






- 


o 

o 

CM 




o>X 


e 


© 












X 


e (D 






- 






o 


o 


© 


a 


e 




O 




o-f X 


e 

<2) 




& 




o 
00 
1— 1 




o ^ 


e 


© 


o 


m 








^ X 


e 


© 


© 


© 








o -f X 


e 


© 












■<^x 


e 


© 








o 

o 

VO 




o X 


e 


© 








tH 




o -1^ 


e 


© 






- 






O 


X © 


© 


i 


a a 






m 

VO 


o X 


0 

© 


(U 

u 


i- & 




o 

o 

<r 


rH 

o 


o 




e © 


:3 

Ou 


o ^ 

rH CVJ 




r-l 


M 


o ^ 


N- e 


© 


O 


1 

'T ^ 


- 






O ^ 












o 




o 


-^x 


e © 






- 


o 

CM 

tH 




o 


^ X 


a © 












o 




e 


© 










o 




© © 












o 




© 


© 




O 

o 

o 




o 




© © 






iH 


o 


X 


§ 






- 






o 


-f 


X 




? 




















O 


1 


_J 1 1 


\ L- 


1 


1 


1 




00 



<r o VO CM 

VO VO 



VO 



o 



>-5 



X 10^ 



47 



Figure 21. Thrust for 
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Figure 22. Torque for J = O .165 
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Figure 23. Propeller Efficiency for J = O.I 65 
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Figure 25 . Thrus;t for j = 0.205 




52 



Figure 26 . Torque for J = 0,205 
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Figure 27. Propeller Efficiency for J = 0.205 




Figure 28. Propeller Performance at Constant RPM for J-0.205 
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Figure 29 . Propeller Performance Comparison for 
Optimum 10 wppm at 1000 RPM 
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Figure 30* Propeller Performance Comparison for 
Optimum 10 wppm at l400 RPM 
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Figure 31. Propeller Performance Comparison for 
Optimum 10 wppra at l800 RPM 
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APPENDIX A 



EFFECTS OF POLYMER SOLUTIONS ON THE DISCRETE COMPONENTS OF 
PROPELLER NOISE 

Introduction 

Before this experiment was begun the possibility that polymer 
solutions may have an effect on the discrete component of the noise 
radiated by the propeller was recognized. Therefore, as an ad- 
ditional experiment, the radiated noise was analysed. The domi- 
nant discrete frequency radiated by a rotating propeller is a 
sinusoidal signal with a frequency equal to 

f = h(RPM)/60 Hertz 

where h is the number of blades. This is called the blade signal. 
The Iwo-biaded propeller of this expcrimc.nt was run in the RPM range 
from 850 to 2000 yielding an approximate range from 30 to 60 Hertz. 

It should be realized that at these very low frequencies the 
tank was not expected to be anechoic, and nothing was attempted 
to make it so. The lowest mode of the tank was expected to be 
associated with the circumferential length and the cut-off fre- 
quency for this mode was estimated to be about l40 Hertz. There- 
fore, propeller frequencies were well below cut-off for the lowest 
mode of the tank, and the transfer function of the tank is expected 
to be a smoothly varying function of frequency in the range of 
interest . 

Apparatus and Procedure 

An Atlantic Research Model #LC-32 hydrophone, with an open- 
circuit sensitivity of -103 dB was placed in the center of the tank 
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at an arc distance of one-half meter behind the propeller. The 
received signal was amplified by an Atlantic Research Model 
#LG-1344 40dB amplifier. This combination possessed a 15 Hertz 
low frequency roll-off. Frequency analysis was accomplished with 
a Hewlett Packard Model #302A wave analyzer with a built-in 
6-Hertz band pass filter. The signal to noise ratio was on the 
order of 20 to 1, so there was no problem using the automatic 
frequency control (AFC) feature of the wave analyzer. 

Results and Conclusions 

Figure 32 and 33 show plots of the measured signal in dB 
versus RPM for the various advanced coefficients. It is evident 
that concentrations of 10 and 75 wppm have no measureable effect 
on the acoustic blade signal. Data were also taken for concentrations 
of 25 and 50 'wppm with the same results. 
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Figure 32. Acousitic BlacJe Signal for J - 0.040, 0.104 
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Figure 33. Acoustic Blade Signal for J = O. 165 , 0.205 
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